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Abstract. The West Antarctic ice sheet is confined by alarge1 Introduction
area of ice shelves, fed by inland ice through fast flowing ice
streams. The dynamics of the grounding line, which is theMost of the land ice which could contribute in the future to
line-boundary between grounded ice and the downstream icgea level rise belongs to Antarctica. Consequently, it is of
shelf, has a major influence on the dynamics of the wholesignificant relevance to investigate the amount of ice which
ice sheet. However, most ice sheet models use simplificacould be discharged from Antarctica and further contribute
tions of the flow equations, as they do not include all theto sea level rise. Lately, geological observations seemed to
stress components, and are known to fail in their representashow that the last deglaciation ended with a rapid (around a
tion of the grounding line dynamics. Here, we present a 3-Dcentury) meter-scale sea level rise, caused by ice-sheet insta-
full Stokes model of a marine ice sheet, in which the flow bility (Blanchon et al., 2009). Some laser altimeter surveys
problem is coupled with the evolution of the upper and lower carried out in West Antarctica indicated an acceleration of
free surfaces, and the position of the grounding line is deterthe ice discharge (Thomas et al., 2004), which has been con-
mined by solving a contact problem between the shelf/sheefirmed recently with observations based on interferometry
lower surface and the bedrock. Simulations are performeqRignot et al., 2008), and also through two independent mea-
using the open-source finite-element code Elmer/ice withinsurement techniques applied to the last 8 years (Rignot et al.,
a parallel environment. The model's ability to cope with a 2011). Such rapid changes in Antarctica may arise from two
curved grounding line and the effect of a pinning point be- causes which lead to instability when they are combined. The
neath the ice shelf are investigated through prognostic simufirst is that a large part of the bedrock rests well below sea
lations. Starting from a steady state, the sea level is slightlylevel, essentially due to isostatic adjustments of the crust be-
decreased to create a contact point between a seamount afiflv the Antarctic Ice Sheet. The second is that the bedrock
the ice shelf. The model predicts a dramatic decrease of thg mainly upsloping seaward near the estimated location of
shelf velocities, leading to an advance of the grounding linethe grounding line. These two statements are made by Lythe
until both grounded zones merge together, during which anand Vaughan (2001) and by Le Brocq et al. (2010). As first
ice rumple forms above the contact area at the pinning pointmentioned by Weertman (1974), since confirmed by Schoof
Finally, we show that once the contact is created, increasing2007), and verified lately by numerical computations (Du-
the sea level to its initial value does not release the pinningand et al., 2009a), the combination of these two characteris-
point and has no effect on the ice dynamics, indicating a statics is a source of ice sheet instability, and is called Marine
bilising effect of pinning points. Ice Sheet Instability (MISI).
In East Antarctica, it seems that the ice mass loss is near
zero overall. However, while East Antarctica is less cov-
ered by data than West Antarctica, the existing sets of data
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102 L. Favier et al.: Three-Dimensional Grounding line dynamics

suggest a MISI for both eastern and western bedrocks (Lyth@hysically. However, little attention has been paid numeri-
and Vaughan, 2001), and thus point out potential instabilitiescally on the effect of a pinning point touching the ice basal
in East Antarctica as well. surface and creating a local grounded zone surrounded by

The dynamics of marine ice sheets are mostly controlledfloating ice, except for Goldberg et al. (2009) in which an
by the dynamics of the transition zone between the grounde®&IA-SSA coupled model is used. These pinning points are
ice sheet and the floating ice shelf around the groundingknown to stabilize marine ice sheets (Fricker et al., 2009),
line. Mechanically, grounded ice is mainly both vertically and have been detected in Antarctica beneath the Ross and
and sideways sheared, while floating ice is mainly longi-the Amery ice shelves.
tudinally stretched and sideways sheared. These different In this study, we present a 3-D numerical model based on
stress components are superimposed within the vicinity ofa full-Stokes approach of a marine ice sheet. We are mainly
the grounding line, resulting in a complex stress pattern in-interested in the mechanical effects, thus temperature is as-
volving all components. This complexity is difficult to rep- sumed to be uniform and constant. The model is derived
resent numerically. Until 2005, as demonstrated by Vieli andfrom the work done by Durand et al. (2009a), and extended
Payne (2005), none of the numerical models available wago the 3-D case. The purpose of this paper is mostly to present
able to describe properly the grounding line migration. Thethe model and its ability to represent correctly the behaviour
IPCC Fourth Assessment Report (Solomon et al., 2007) alsof curved grounding lines and distinct grounded areas in 3-D.
pointed out that dynamical effects in marine ice sheets werdlo do so, we applied the model to a pinning point experiment,
badly understood, and poorly represented in models. from which we obtained these grounding lines.

The simplest of the current models are based on the so- A general description of the model is provided is Sect. 2,
called Shallow Ice Approximation (SIA), initially proposed followed by a description of some numerical details in
by Hutter (1983), in which only vertical shear components Sect. 3, in particular how the position of the grounding line is
are considered. The SlA is valid for a small aspect ratio be-solved numerically. Section 4 presents all the numerical ex-
tween domain thickness and length, but not where the basgleriments, including the verification of the model by testing
sliding contribution to the ice dynamics increases, or whereits reversibility. We also investigate the dynamical effect of a
the basal surface slope is too steep (Le Meur et al., 2004)pinning point in contact with the ice-shelf basal surface, and
like in the vicinity of the grounding line. More complex discuss its stabilising effect on a marine ice sheet.
models were also developed, such as those including higher
order stress gradients (e.g., Blatter, 1995; Pattyn, 2003; Saito ) o
et al., 2003), but these models neglect the resistive stres€ Detailed description of the model
yvhgreas ‘T’“ the transition zone between grounded and flane solve the full-Stokes equations for a 3-D gravity-driven
ing ice, this term should be accounted for. Some models alsg . . : :

: problem flow of isothermal, incompressible and nonlinear
adopt an SIA approach for the grounded ice where shear:. : . . -
. . .~ .~ viscous ice, which slides over a rigid bedrock or floats over
ing dominates the flow, and a Shallow Shelf Approximation S . )

) . sea water. The grounding line, which separates the floating
(SSA, e.g., Morland, 1984; MacAyeal, 1989) for the floating ; . , . i
) ; . and the grounded part of the ice, falls into fixed grid points
ice where stretching dominates. The most complete models : : .

. . and migrates depending on the solution of a contact problem.

resolve the full Stokes set of equations without any approx-
imations ir_1 the stress tenS(_)r. S_o far,_ this_ approach _has noj ¢ Geometry and main hypothesis
been applied to the grounding line migration issues in 3-D,

even if some attempts have been made in 2-éstringant  The geometry of the marine ice sheet is three-dimensional. It
(1994), and more recently by Nowicki and Wingham (2008), includes a grounded part that slides over a rigid bedrock and
Durand et al. (2009a) and Gagliardini et al. (2010). a floating part which undergoes the sea pressure. The main
A likely reason for modellers to simplify the full Stokes set direction of the flow is aligned with the axis, thez axis
of equations lies in the many degrees of freedom that need tgs the vertical pointing upwards, and the transvessailxis
be considered. Most of them are related to the high resolutions perpendicular to théx, z) plane (see Fig. 1 for geometry
required (in the case of a fixed grid) at the transition betweendetails). The domain is bounded transversally by two lateral
grounded and floating ice, where it is crucial to capture cor-houndaries, both parallel to the, z) plane. The ice divide
rectly the spatial evolution of the stress pattern. However,(x = 0) is considered to be a symmetry plane and the length
these high numerical costs are increasingly adressed by pagf the ice sheet remains similar over time, which means that
allelising the codes and running computations on computethe calving front has a fixed position throughout the simula-
clusters. tion.
Some models take into account a curved grounding line  The constitutive law for the ice behaviour follows a

in a 3-D geometry, as in Pattyn (2003) where the shelf isNorton-Hoff type law (also named Glen’s flow law in glaciol-
modelled, or in Katz and Worster (2010) where the shelfogy):

is replaced by a flux at the grounding line, computed from
asymptotic theories from Schoof (2007), but not representes= 25D, D
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g Z  Grounded part Floating part Table 1. Numerical values of the parameters adopted for the simu-
i lations.
as(x,y,t) .
tz/L‘tl 2 = 7m0 Parameter Symbol  Value Unit
= z(x,y,
lce|properties X Fluidity parameter A 1025 Pa3st
B.n, p Seconds per year 31536000 sa
_____ Accumulation rate ag 0.5 mal
Y, e no”””earfnct e Melting/accretion ap 0 mat
on law, Glen’s exponent n 3
z =z X, y,t) p
v /7* Bed friction parameter  C 10 Pant1/3sl/3
Grounding line  pedrock  Vater pressure Bed friction exponent ~ m 1/3
b=b(x,y) Sea density P 1000 kg nm3
Ice density i 900 kg n3
_ _ o Standard Gravity g 9.81 kg m3
Fig. 1. Main characteristics of the modelled geometry.
Domain length L 800 km
Domain half width w 50 km
wheres is the deviatoric stress tensor, afxthe strain rate Maximum refinement 50 m
tensor, whose components are defined by:
1/0u; Ouj ) ) .
Dij= AT + W ) (2) solved to determine the evolution of the two free interfaces;
/ ' its general form is:
whereu is the velocity vector. The effective viscosityis 3z 9z 9z
J 'J 'J
expressed as: —tuy—+uy——u,=aj, 7
P o M ax Ty TMeT 0
n= }Afl/négl—n)/n, (3) where u,, uy, u, are functions depending on the triplet

(x,y,z;), andz; anda; depend on the triplet«( y,7). The
whereé, is the second invariant of the strain rate defined as: SUPSCTiptj can refer either to the upper interface s) or

to the lower interface {=b), ux(x,y,z;), uy(x,y,z;) and
o 1 u;(x,y,z;) are the velocity components for the considered
e = EDU Dij. (4) interfaces, and; (x, y,) is the accumulation/ablation func-

tion. Here, the accumulatiom over the upper interface is
a downward vertical flux uniform and constant, while the
melting/accretior, below the ice shelf is neglected (see Ta-
ble 1).

In Eqg. (3),A is the fluidity parameter, and Glen'’s flow law
exponent is: = 3.

2.2 Governing equations

. . . 2.3 Boundary conditions
To determine the ice flow velocities and pressure, we solve y

the full Stokes equations over the ice volume, consisting ofy 3 1 |ce divide and calving front
the momentum conservation equations without inertial ef-

fects: At x =0, the ice divide is assumed to be a symmetry plane,
. so that the prescribed velocity is (0, y,z) =0. The end of
divo +p;g =0, (5) the domain corresponding to the end of the ice shelf, called

the calving front, is kept at a constant position. If it is suffi-
%"lently large, the distance between the calving front and the
grounded ice has no influence on the upstream flow dynam-
ics, because no friction is accounted for on the lateral bound-
aries (see Section 2.3.4). The front boundary undergoes nor-
In Eq. (5),0 = S— pl is the Cauchy stress tensor with= mal stress due to the sea presspygz,t), that evolves ver-
—tre /3 the isotropic pressurgy the ice density ang the  tically as follows:

gravity vector.

The three-dimensional ice body is vertically limited by pw(z,t)={
two free surfaces, namely the upper ice/atmosphere interface
z=2z(x,y,t), and the lower interface=z, (x, y,t) between  wherep,, is the sea water density ang the sea level. The
ice and bedrock or sea (see Fig. 1). An advection equation istress imposed is thus,, = p,, ando,; =0.

and the mass conservation equation in case of incompres
ibility:

trD =divu =0. (6)

Pwg Uy () —2), 7z <ly()
0, 2> 1y (1) ®)
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2.3.2 Upper interface important process that models do not represent well if ap-
plied to the Antarctic marine ice sheet. Durand et al. (2009a)
The atmospheric pressure exerted against the upper interfag@aime to the conclusion that along a flowline, a mesh refine-
z=1z(x,y,?) is neglected, which implies that,,[s =n-(c-  ment within tens of meters around the grounding line was
n)|; =0, andoy,|s =t;-(o-n)|; =0 (i =1, 2), wheren is  necessary to yield consistent results and to provide reversible
the unit normal vector of the interface pointing outward,  simulations, even if a minimum offset could not be removed

andt, the unit tangent vectors at the interface. completely for any of their experiments.
) Here, the grid size in the y-direction is constant and equal
2.3.3 Lower interface to 2.5 km. The maximum refinement adopted in the vicin-

ity of the grounding line is 50 m in the x-direction. As a

The lower interface =z, (x, y,t) may be in contact with ei- . S . . . )
ther the sea or the bedrock, so two kinds of boundary condiflxed grid is used, this refinement is applied wherever the

. . : rounding line is expected to migrate, which means over tens
tions coexist on a single surface. Where the bottom surfac . . . L

S . . of kilometers for experiments carried out in this study (see
is in contact with the sea (i.e. above the bedrock), the se

ressure is applied with no shearing, which means that: ection 4). Consequently, we end up with a large amount
P PP 9: ) of mesh nodes: a little under 800 nodes in the x-direction,

Onylz, =0 i=1,2 (9) 21 nodes in the y-direction and 11 nodes in the z-direction,
' which corresponds to about 180 000 nodes. To optimise CPU
time, this mesh is broken down into 48 partitions, each con-

where the bottom surface is in contact with the bedrock, asisting of about 4000 nodes.

nonlinear friction law is prescribed, which is summarised as:
3.2 Construction of the initial geometry

Unn|Zb = pw(2p,1)

oniilp=Clu—@-mn|" *(-t;) i=12 (20)

u-n=0 The initial geometry of the ice sheet is first constructed in
2-D with the model of Durand et al. (2009a) which uses an

where the values of the parametérandm entering the fric-  adaptive mesh refinement, so the finest mesh extends over

tion law are given in Table 1. The nodes belonging to thea small domain around the grounding line. Starting from a

grounding line are defined as grounded nodes with at leas00-m layer of ice extending as far as to the end of the do-

one floating neighbour. main, the geometry is evolved until a steady state is obtained.
The grounding line always advances during the spin up pro-
2.3.4 Lateral walls cedure. The 2-D steady state geometry is then laterally ex-

i , truded in the y-direction. The 3-D problem having a plane of
The lateral boundaries of the domain are parallel planessymmetry@ = 50 km), this is only done over half of the do-
The first plane { = 0) is an actual border of the domain, main in order to save computational resources. The resulting
and the second one & W) is a plane of symmetry, which 3 p geometry is then meshed with a different x-distribution
makes it possible to model half of the geometry in the y-, pe guitable for the planned 3-D experiments (see exper-

direction (see Section 3.2). In both cases, no flux is considynents detailed in Section 4). Consequently, the relaxation

ered through the surfaces and the boundary condition pregat is done after the extrusion may induce a slightly further
scribed isuy (x,0,2) = uy(x,W,z) =0. The model gives US  igration of the grounding line, which however never ex-

the possibil?ty to prescrib(_a a nonlinear fric_tion law on this ~aeds the size of one element. The whole procedure is much
boundary, like the one discussed above in Equation (11)¢agter than growing a marine ice sheet in 3-D from an initial

This possibility will not be explored in this paper and per- |5 meshed by a fixed grid of uniform thickness.
fect sliding is assumed.

3.3 Model algorithm
3 Numerics A simplified algorithm of the model is presented in Fig. 2.

This problem is solved using Elmer/ice, the glaciological ex- 1 € first step, carried out once at the beginning of the simu-
lation, is to initialise the model with a geometry and a related

tension of the open-source finite-element code Elmer (down- - hape
loadable from www.csc.fifelmer). mesh, plus initial pressure and velocity fields.

The non-Newtonian stress-strain relationship and the non-
3.1 General considerations for the mesh linear sliding law introduce nonlinearities into the problem,
and, after discretisation of the full Stokes equations by the fi-
One of the conclusions of the fourth assessment of IPC(hite element method, the system to solve adopts the nonlinear
(Solomon et al., 2007) was that dynamical effects in iceform A(X)-X =b(X). This system is linearised using the
sheets were badly understood, and badly represented in modixed point algorithmA(X;_1) - X; = b(X;_1) solved using
els. Among these, the grounding line migration is the mostdirect methods. The numerical solution is stabilised using

The Cryosphere, 6, 101-112, 2012 www.the-cryosphere.net/6/101/2012/
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the residual free bubbles method (Baiocchi et al., 1993). The

. . . Initial conditions: input data
convergence criterion of the nonlinear system is based on

the change in the Euclidian norm of the solution petvyeen p,essgfg’;"ﬁgr{'efgﬁ,ig'ﬁe,ds

the (i — Dth and theith iterations. Convergence is first ‘

reached when this criterion falls below 1%) assuming a

fixed grounding line at the position obtained during the pre- Basal boundary condition initialisation

vious time step.

After the initial convergence, the nodal forég, exerted
by the sea on the ice lower surface is computed by integrating
the sea pressure (see Eg. 8) over the element boundary faces
according to the shape function. Then the contact between integrated from sea pressure
the grounded nodes and the bedrock is tested. If the contact
force R, computed from the residual of the Stokes system  /
(see Durand et al. (2009a) for details), exerted by the ice on
the bedrock, falls below the force exerted by the Bgathe
node concerned is no longer subject to a Dirichlet condition
but undergoes the sea pressure (see Fig. 3). This change in
the basal conditions leads to a retreat of the grounding line. E—
The finite element problem is thus altered by the change in Nonlinear iterations: A=A(x)
the boundary condition. The nonlinear system after imposing Au <107 l
the altered boundary condition is iterated with a convergence
criterion of 107.

As mentioned before, Eq. (7) is solved to adjust the lower
and upper surfaces. Technical and numerical details on th
method are explained in Gagliardini and Zwinger (2008). Au<10” l
The following update of vertical surface positions requires
to check whether the difference between the bedrock and the New pressure and velocity fields
ice lower surface evolves. At this stage, some floating nodes

may be reattached to the bedrock following the condition al- Y
ready mentioned above. Lower and upper surfaces calculation

Hydrostatic load computing

Y

Full Stokes equations

Linear system: A.x=b

contact test for grounded nodes

New basal conditions

t=t+ At

new surfaces

4 Pinning point experiments Y

4.1 Geometry and initial steady state Basal boundary condition update

The bedrock is composed of a linear surface and a Gaussian

surface, and defined in metres by: v

Saving and post-processing

z=>b(x,y) =max bjin ; bgaus), (11)

with _ N .
Fig. 2. Simplified algorithm of the model.

{ bjin = —100—x /1000

byaus= 5412 x exp( *“*563203‘1’;5(%*500002) —100Q

perpendicular to théx, z) plane and located at=536.8 km.
(12)  Atthe beginning of the simulation, the sea level is instanta-
neously lowered by 1 m, which creates rapidly (within one
which corresponds to a linear downsloping bedrock with atime step) a contact between the Gaussian bump and the ice
superimposed 3-D Gaussian curve acting as a pinning poingasal surface, at the positign, y) = (563,50) in km, about
(see Fig. 4). 27 km downstream from the initial grounding line. This is
The initial steady state is obtained by applying the param-the starting point of all the three experiments presented be-
eters given in Table 1 (Sect. 3.2 describes the spin up procegw, which only differ by the way the sea level evolves and by

dure). Note that the fluidityd is uniform and kept constant \yhether the pinning point is maintained or not (see Ta&hle
since the ice is assumed to be isothermal. The summit of the

Gaussian bump is located about 0.8 m below the ice basal
surface. At this stage, only one grounding line exists, it is

www.the-cryosphere.net/6/101/2012/ The Cryosphere, 6, 101-112, 2012
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. . . -700 -600 -500 -450
Tal_ale_ 2. Flowchart of the experiments carried out and their charac- o ; N - (kM)
teristics.
A
Experiment Sea level (m) Pinning point 50 @
t, ~
0 t £
verification -1 Q removed at, = 350 a X
0 t >
A S still present
0 T1.5 t 0
B a U still present 450 500 550 600
x (km)
a) > Fu(zt) Fig. 4. Top view of the bedrock geometry (zoom around the initial
4 —  »R grounding line and the bump, the 60 km width shown does not rep-
! d resent the full domain), consisting of a linearly inclined area and a

Gaussian bump. Altitude isovalues are displayed every 25 m. The
symmetry plane ap = 50 km is shown by the dashed line.
surface

Here, we are only interested in the model reversibility so
we only focus on these aspects. More detailed explanations
about the effect of the pinning point on the dynamics are
bedrock given in Sect. 4.3. Under the effect of the pinning point, the

@ grounding line curves and advances (see Fig. 5a). Before the
artificial removal of the bump, this advance ranges between
b) ice 9 and 12 km, the largest advance being located directly up-
stream the top of the bump. Afterwards, the grounding line
rapidly recovers its straightness within a century.

At this stage, given the uniform bedrock and the uniform
grounding line in the y-direction, the 3-D problem is similar
to a 2-D problem. In this case, according to Schoof (2007),
the steady state has to be unique, so the grounding line should
retreat back to its initial position. Nevertheless, we expect
that initial and final steady positions should be similar within

Fig. 3. Main retreat process of the grounding line, which takes placea residual offset, depending on the grid size at the grounding

when the convergence criterion of the Stokes nonlinear system fall4ine-
below 10-3. For a grounded node, if the sea load is higher than the After 2000 years of computation, velocities along the two
ice/bedrock contact forc@), then this node (red circle) becomes flowlinesy = 0 andy = 50 km nearly recover their initial pat-
floating for the rest of the Stokes system converg¢bgeBoundary  tern (see Fig. 6), and the grounding line is nearly stabilised
conditions prescribed: N for Neumann and D for Dirichlet. (see Fig. 5b)). The offset in both positions equals 3 km. Ex-
periments not reported here indicate that this grid-dependent
offset is similar to the one presented in the paper even for
4.2 \Verification of the full Stokes model larger displacements of the grounding line. This was also
. . ) ) shown by Durand et al. (2009a) using a similar (but 2-D)
The purpose of the following experiment is to verify the model. Consequently, we are confident that if we had simu-
model reversibility, as proven by Schoof (2007). After the |51eq a greater initial advance of the grounding line, the offset
initial drop in the sea level, we let the geometry evolve over o g nonetheless have been similar. This is also convenient

350 a. The sea level is then increased back to its initial levelyyaoqyse simulating these migrations in 3-D is merely not fea-
and the Gaussian bump is merely removed so that only ongjp|e within achievable times.

boundary between grounded ice and floating ice still remains.
Of course, this abrupt change of the bedrock geometry is not
geologically justified, but it allows us to test if the model is
reversible, i.e. if the grounding line recovers its initial charac-
teristics. The simulation is finally continued until the ground-
ing line reaches a nearly stabilised position after 2000 years.

grounded floating

The Cryosphere, 6, 101-112, 2012 www.the-cryosphere.net/6/101/2012/
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700 1

350

time (a) /

ool — O

Vi

o
[ MR Y] Y / L
o Bl /////// £ 500 2000
40+ £ Hn )
> //f/ Y 7 E 400f
= 30! £ L LA /// x
c T f (K [/ /// |>
~ 5 b A 300 +
~ o il WY //
> 20 a it / /‘(/ /
= (e /// 200 ¢
10l = ‘,‘,"/////
= RO
= i S 100 : ' ' ' ;
0 LI L . 500 520 540 560 580 600
535 540 545 550
X (km)
y (km)
b) 550 Fig. 6. Vertically averaged velocity in x-directioi, plotted over
] x for selected time-levels in the verification experiment, for the two
flowlinesy = 0 andy = 50 km. Initial steady state (without the pin-
_ 545¢ ning point) in black, last point in time before removing the pinning
E point in blue, and final state after 2000 years in green.
SOV Y S L L e
: —— experiment A
78500 - i tB
235 1000 1500 2000 experimen
Time (a) o
€
<
Fig. 5. Migration of the grounding line over time (the corresponding QE) 77500
averaged velocities are shown in Fig. 6) for the verification exper—%
iment (see Table 2). Advance and retreat processes are shown i@
blue and green, respectivelfa) Top view in the (x,y) plane(b)
Positions of the main grounding line for= 0 andy = 50 km. The —
new grounded area created by the pinning point is not shown in this 76500 ] ;
figure. 0 500 1000
Time (a)

4.3 Experiment A: effect of the pinning point Fig. 7. Evolution of the ice volume over time for experiment A

) o (blue curve), and experiment B (green curve). The inset is a zoom
For experiment A, we start from the same initial steady statgnio the first 100 years.

as for the verification experiment, the pinning point is never
removed, the sea level is kept constant and equal to -1 m.
This new contact created between the ice and the bump hast different rates in the order of tens of metres per year, the
dramatic effects on the ice-sheet dynamics, much strongegreatest ones being located directly upstream the pinning
than if only the sea level was decreased without any bumppoint. The ice volume within the domain is also increased
pinning the ice lower surface. (see Fig. 7). As a direct consequence of the non lateral uni-
Due to the supplementary amount of friction introduced by formity of velocities, the grounding line bends during its ad-
the pinning point, a rapid decrease of velocities is observed/ance. After about 800 a of simulation, both grounded areas
between both grounded areas (see Figs. 8 and 9), which istart to merge into a single one, which lasts 200 a before the
as high as the lateral coordinate is close to that of the bumgomplete merge is achieved after 1000 a (see Fig. 10).
summit. In the vicinity of the grounding line, the longitudi- A similar experiment was carried out by Goldberg et al.
nal velocity aty = 50 km is approximately twice its value (2009) with an SSA model, for a much larger gap (around
at y = 0 km, where the influence of this new contact is less300 km) between the main grounding line and the pinning
significant. Under the effect of this non uniform decrease ofpoint. The authors also observed a merge between both
velocities, the grounding line advances seaward (see Fig. 8rounded areas with advance rates of the grounding line
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Fig. 8. Effect of the pinning point on the grounding line migration, for selected time-levels between 0 and 900 a. Isovalues of the basal

velocity norm are also represented every 20Th.a

situated around 70 nTad, whereas in our case the rates are
lower and between 15 and 30 mla This discrepancy is

not surprising since both experiments were performed under
different configurations and are hence not directly compara-
ble. For example, the SSA experiments were conducted with__
a null velocity prescribed along the lateral walls, whereasH-rlj
we imposed free slip. When velocities drop under the ef- £
fect of the pinning point, the ice volume is increased and
consequently the lateral friction is greater, which acts as 4
positive feedback accelerating the grounding line migration,
which could explain the difference with the SSA experiments
of Goldberg et al. (2009).

The merge between both grounded areas is followed by
oscillations of the last grounded point (see Fig. 10), which
could be related to the fact that the grounding line lies on an
upsloping part of the bedrock, which is a well known source
of instability in marine ice sheets (Schoof, 2007). This in-
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stability stops after 1000 a when only one grounded zonerig. 9. Effect of the pinning point on the vertically integrated veloc-

remains.

ity i,. Depicted profiles are along the symmetry plane 50 km

At the beginning of the simulation, the last grounded point (dashed lines) and along the lateral walF 0 km (solid lines),
(blue curve in Fig. 9), which belongs to the grounding line for ¢ =0, 100, 500, 900 years. The position of the most landward
part of the pinning point, retreats from its position at the top 9rounding line for similar y-coordinate is also shown. A separate
of the bump, towards the main grounding line. The pinning marker for the pinning point is not contained in this figure.

point actually grows and migrates upstream under the thick-
ening of the ice located between both grounded zones. This

migration adopts a linear profile during the first 100 a, to stop  Figure 11 shows 3-D views & 0, 100, 500, 900 a) of
at a nearly stable position, around 5 km upward from its ini- the modelled marine ice sheet around grounding line areas.
tial position, under the effect of the sea pressure around th&ongitudinal deviatoric stresses are superimposed to the il-

pinning point.

lustrated geometries. At the main grounding line, the ice un-

dergoes a longitudinal tensile stress, which can be explained
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indicates that the contact between the pinning point remains.
56&& This happens at the very beginning of the simulation so we
expect it to continue throughout the following time steps.
To explain this mechanical irreversibility, we plotted in
Fig. 12 the minimum critical value of sea level riglg, that

would be required to release this contact. This value is com-
puted for the grounded lower surface of ice as follows:

Xg(km)
(9]
(9]
o

—— contact with the pinning point o — 1, —z
Sleg = nn — Pw8lw —2)) . (13)

Pwg

—— main grounding line

0 500 1000 1200 Thjs parameter corresponds to the difference between the
Time (a) normal stress undergone by the ice surface and the sea pres-
sure, normalised by, g, to interpret it in terms of sea level
. . o . . equivalent. Note that a few of thd,, values are negative
Fig. 10. Positions of grounding lines over time. The main ground- ¢, the more advanced part of both grounding lines. There,
INg line is S.hown fory = 0 km andy = 50 km in so'!d l.)laCk ._.the sea load against the ice is higher than the contact load
lines. The first and the last grounded points of the pinning point ; -
for y = 50 km are shown in solid blue lines. exerted by the ice on the bedrock, indicating that these nodes
are about to detach from the bedrock.

It turns out that, even after only 1.5 a of experiment A, the
by the friction gap from positive to zero when moving sea- value ofsl., is already high. To remove the contact between
ward around the grounding line. This is immediately fol- the seamountand the ice lower surface, it would be necessary
lowed seaward by a stress oscillation, which is also observedP rise the sea level by more than 20 m. This is clearly an ir-
inside the ice. A similar behaviour is observed at the secreversibility induced by the presence of the new contact area
ondary grounding |ine Wh|Ch beiongs to the pinning point. with the seamount in the middle of the ice shelf. After 1.5 a,
This tensile behaviour is counterbalanced by a compressivéhe contact with the seamount below the shelf extends over
behaviour between both grounded zones before they merg&© more than 300 m. Afterwards, during a transition period
These variations of the stress pattern concentrate in the ce®f 100 a, already described and shown in Fig. 10, this con-
tral flowline, directly upstream the pinning point. It is also tact area migrates upward and grows to finally extend over
due to the jump in basal friction properties. At the end of 3 km. Until the merge between both grounded areas, this
the simulation, when both grounded areas merge into oneZzone keeps the same position and size. During this time pe-
it seems that this compressive behaviour disappears. Thidod, the value okl., equals nearly instantaneously one half
corresponds to the fact that the intermediate floating zon&®f the value taken after 100 years. This means that a newly
becomes completely grounded, which removes the intermeformed pinning point below the shelf leads very rapidly to a
diate gap in the basal friction. configuration where the ice sheet grows in volume whatever

The downstream shift between compressive and tensiléhe further physically acceptable increase that is applied to
behaviours forms an ice rumple on the upper surface. lts€a level.
geometry is more or less stable between 100 and 900 a of
simulation and its existence is a consequence of the altered
stress field induced by the pinning point underneath. The icé& Conclusions
rumple is 50 m high, which represents one tenth of the ice-
shelf thickness. It is vertically aligned with the position of Motivated by the lack of predictive ability of dynamical ef-
the basal pinning point, and extends over a similar horizontafects within marine ice sheets, particularly when the transver-

distance of around 3 km. sal direction is considered, we modelled the grounding line
dynamics in 3-D using the finite element code Elmer/ice.
4.4 Experiment B: mechanical irreversibility The 3-D full Stokes velocity field was computed and coupled

with the evolution of both the ice-air and the ice-bedrock/sea
The purpose of experiment B is to check if the pinning point interfaces. The algorithm of the model was presented in or-
introduces irreversibility to the ice flow dynamics. This is der to highlight the fact that grounding line retreat and ad-
tested by reverting the sea level back to 0 m, its initial value,vance are treated as different processes. The retreat is the
a short time after the beginning of experiment Az at1.5a  possible result of a contact problem, evaluated by the devi-
(this is also done for = 100 a). In this case, the bedrock ation of the ice overburden from integrated sea water pres-
is not modified so the bumped part is still in contact with sure. The advance is based on the geometrical comparison
the ice lower surface. Both volume curves for experiment Abetween altitudes, and is a result of the lower free surface
and experiment B (see Fig. 7) show the same pattern, whickevolution.
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Fig. 11. The top series show 3-D snapshots for experiment A (afted, 100, 500, 900 a), superimposed with the longitudinal deviatoric
stresses. Each snapshot is associated in the bottom series with its corresgondipne view of the flowline ap = 50 km. An ice rumple

forms on the upper surface under the effect of the contact between the pinning point and the ice lower surface. Both are vertically aligned
over all the simulation until both grounded parts merge together.

__ 50 AferlsaofexpA e SO vanced at maximum over 12 km, and recovered its initial
E pinning point alignment and position in the main flow direction with a 3 km
Z 25 0 20 40 offset when the pertubation was removed. This result is sat-
slre (m) isfactory since our full-Stokes model performs much better
035 545 555 565 c_omparatively to the t.radi_tional fi?<e_c.i grid models yvhich ex-
x (km) hibit at least a numerical irreversibility of tens of kilometers
(Gladstone et al., 2010).
150 o after 1.5 a of exp A The pinning point experiment was run for a physical time
£ 100 A after 100 a of exp A period of more than 1000 a. A merge between both grounded
L2 50 50m o2 m areas occurred between 800 a and 1000 a. This indicates
0 N HP that pinning points may have a dramatic influence on ice-
535 545 555 565 sheet stability by, in that case, slowing down the discharge

x (km) rates observed over the recent years in West Antarctica (as in

Tinto and Bell. (2011)). On the opposite, losing the contact

Fig. 12. Difference between normal stress and sea pressure in term#ith @ pinning point, by increasing basal melting for exam-
of sea level rise equivalent (sire) at the beginning of experiment BPI€, might conduct to a massively enhanced discharge rate.
(starting similarly to experiment A), at= 1.5 and 100 a. (top) 2-D The complex stress pattern occurring in the vicinity of the
view around the grounding line areas. (bottom) Along the flqwline grounding line and pinning point was discussed. The shift
y =50 km, only the grounded points are represented. Horizontay oy een Jongitudinal compressive and tensile stress is par-
Ilnes_represen_t the sea I_evel rise to impose on the model to remaﬁ?cularly sharp and fast around grounding lines, and has a
the pinning point (Experiment B). . . - .
great impact on the ice-sheet geometry, by creating an ice
rumple at the vertical position above the pinning point. This
shows the relevance of applying a full-Stokes model solving
The model’s reversibility was verified. In the correspond- Properly the contact between ice and bedrock, to resolve the

ing experiments, the grounding line was initially completely COmplex problem of grounding line dynamics.
aligned with the lateral direction before the perturbation. Once the contact was created between the pinning point
During the perturbation, the grounding line curved and ad-and the ice shelf, reverting the sea level back to its initial level
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without removing the seamount is not sufficient to release the Ice Shelf, East Antarctica using INSAR, MODIS and ICESat,
contact. Further investigations have shown that the necessary Antarctic Science, 21, 515-532, 2009.

increase of the sea level to remove the pinning point wouldGagliardini, O. and Zwinger, T.: The ISMIP-HOM benchmark ex-
be at least 20 times the initial decrease. This indicates that Periments performed using the Finite-Element code Elmer, The
a pinning point plays a stabilising role on marine ice sheets, Cryosphere, 2, 6776, doi:10.5194/tc-2-67-2008, 2008.

even if the contact lasts only a very short time. Gagliardini, O., Durand, G., Zwinger, T., Hindmarsh, R., and

. ) . . Le Meur, E.: Coupling of ice-shelf melting and buttressing is
While Schoof's flux boundary condition (Schoof, 2007) is a key process in ice-sheets dynamics, Geophysical Research Let-

beginning to be used by the glaciological community (Pol-  1o/s"37 5 . 114501, doi:10.1029/2010GL043334, 2010.

lard and DeConto, 2009), it is important to test its validity gjagstone, R.M., Lee, V., Vieli, A., and Payne, J.: Grounding line
for more complex ice-sheet / ice-shelf problems, particularly migration in an adaptive mesh ice sheet model, J. Geophys. Res,
when the ice mass evolves in a transient state within a non 115, 19 pp., F04014, doi:10.1029/2009JF001615, 2010.

fully stabilised geometry. The model presented here is readyoldberg, D., Holland, D., and Schoof, C.: Grounding line move-
to be used to carry out such studies. Melting and buttress- ment and ice shelf buttressing in marine ice sheets, J. Geophys.
ing can be considered physically, and the bedrock topogra- Res, 114, 23 pp., F04026, doi:10.1029/2008JF001227, 2009.
phy can be modified to simulate real geometries, so a IongerHUtterv K.: Theoretical glaciology: material science of ice and the

term perspective is to apply the model to real Antarctic outlet Mechanics of glaciers and ice sheets, Springer, 1983.
glaciers Katz, R. and Worster, M.: Stability of ice-sheet grounding lines,

Proceedings of the Royal Society A: Mathematical, Physical and
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